I. Introduction
The object of this work is to study two of the properties of the surface potential barrier of an oxide cathode. The first is the reflection effect on electrons crossing this barrier, and the second is the lowering of this barrier height in the presence of an external electric field. The surface potential barrier of a uniform thermionic emitter is usually assumed, for distances large compared to the lattice constant, to be due to the mirror image force alone. The quantum-mechanical reflection coefficient for an image force barrier, according to Frank and Young (1) , is only six percent for the low energy electrons and is a slowly varying function of the electron energy in the direction normal to the cathode surface. One way of determining the reflection coefficient experimentally is to measure the electron current to the anode as a function of the retarding potential of the anode relative to the cathode. The thermal equilibrium energy distribution of electrons in the emitter, with energies above the height of this barrier, is known to be Maxwellian since the height of the barrier from the -level is always large compared to kT at all operating temperatures of the cathode. This retarding field current, for cylindrical electrodes and assuming zero reflection coefficient is, as given by Schottky (2), where Jv' and J denote the currents per unit length of the cathode when the retarding potentials are V and zero respectively. And n = eV/kT, e = r/R, = R 2 /(R 2 -r 2 ), where r, R denote the radii of the cathode and the anode respectively. The Jv/Jo vs. V/T curves are independent of T under the conditions of this equation. Using this retarding potential method, Nottingham (3) found that for pure tungsten and thoriated tungsten of all degrees of coverage at the same temperature, the plots of log (iv/io) against V/T all coincide, but the plots for different temperatures differ from each other and from the theoretical curve assuming no reflection as given by Eq.(l).
A reflection coefficient of the form p 2 R(Px) = exp 2mw ) (2) was proposed, where Px denotes the momentum normal to the cathode surface that the electrons would have with zero applied field at distances beyond the range of mirror image forces. With the constant k/w = 4. 
and the anode current in an accelerating field is
where E is the accelerating field at the cathode surface. Equation (4) Sproull (8) , and others have shown that the slopes of the Schottky plots, log(Jv/Jo) vs. ; , in accelerating fields up to 10,000 voltskm are 2 to 6 times higher than the theoretical image theory line. This effect was usually attributed to the patches, and it was suggested that the theoretical line might be approached at accelerating fields sufficiently high.
In making further studies of these properties of the surface potential barrier, we notice that there are two more defects of the oxide cathode which should be considered: the non-uniformity of the work function of the anode due to contamination, and the roughness of the oxide cathode surface. In this work we have managed to keep the anode free from the materials evaporated from the cathode so that the anode work function was uniform and did not change with the anode current. The roughness of the oxide cathode surface has been taken into account in analyzing our results.
II. Experimental Setup

A. The Experimental Tube
The main feature in the design of the experimental tube involved the use of a sliding anode structure in order to keep the anodes clean. A drawing of the sliding structure is shown in Fig. 1 . The cathode (K) and the auxiliary anode (AA) are fixed in position while the main anodes, the I - 
for every hundred degrees. The calibration curve is shown in Fig. 2 .
The main anodes and the auxiliary anode were chemically cleaned and induction-heated to 16000°C for a prolonged period. T is temperature of hot unction above that of cold unction (at 25°C).
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The cathode coating consisted of (BaSr)C0, sprayed onto the sleeve to an amount of 5 mg/cm2. The tube was baked out thoroughly at 500'C, and after this the cathode was broken down and activated. The pressure of the tube after seal-off was around 10-8 mm Hg with the use of getter.
B. The Measuring Circuit
The measuring circuit is shown in Fig. 3 . The experimental tube was shielded in a copper box against disturbances. All leads coming out of the box were shielded. The heater current was measured by the voltage drop across a 0.1-ohm resistance with a Leeds and Northrup K-2 potentiometer. The negative lead of the heater was made 6 volts positive with respect to the cathode to suppress electron emission from the heater. The connections for thermocouple emf measurement were all copper wires from the cold junction to the meter. A change of cathode temperature by 0.2 0 C, resulting in a change of thermocouple emf of 0.007 mv, was indicated by a deflection of 0.2 mm on the galvanometer scale. The cathode was grounded through a 0.5-Lf condenser in parallel with a 100-P41f mica condenser to shunt off electrical disturbances. The anodes were grounded and the cathode voltage was variable. 
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III. Retarding Field Studies
A. Retarding Field Current from a Non-Uniform Cathode
It is known that because of the different crystal faces, the crystal defects, and the various amounts of foreign matter absorbed on the crystal faces, the work function of an oxide cathode is not uniform but varies over short distances along its surface. This non-uniformity of the cathode work function, the patches, causes the retarding field current to be different from that predicted by Eq.(l) which is derived for an ideal uniform cathode.
In the actual case, electrons emitted from the various parts of the cathode experience different retarding fields. The retarding potential which an electron experiences in going from the cathode to the anode is the difference between the height of the potential barrier at the anode surface and that near the patch from which the electron is emitted. The total retarding field current is the sum of the component currents from the various patches, each of which varies according to Eq.(l) when the proper value of retarding potential is used, and each saturates at a different anode potential. A plot of this total current against the applied retarding potential would show a slower approach to the saturation current than in the ideal case of a uniform cathode, and consequently an apparent shortage of slow electrons in the energy distribution of the emitted electrons. The effective work function of the non-uniform cathode can be defined as * in the following:
where J is the observed saturation current, and A* is the effective A constant. Since in general the plot of log(Jo/T5/ 4 ) vs. l/T for oxide cathodes can be represented by a straight line, this effective work function is equivalent to the work function for an ideal uniform cathode which has the same thermionic emission as the actual cathode over the temperature range studied.
The effective zero field V can be defined from the following equation:
0
It is determined from experiment by matching the experimental retarding field plot to the theoretical Schottky plot at both high retarding fields and at saturation. The zero field point on the theoretical curve marks the effective zero field, because when thus matched the theoretical curve represents the retarding field plot of an ideal cathode which has its work function equal to *. The effective work unction and effective zero field defined in Eqs. (5) and (6) are necessarily temperature dependent even if the work functions of the patches are independent of temperature, however, the temperature dependences are only slight.
B. Experimental Result and Interpretation
The experimental study was made at temperatures between 442°K and 535°K. The maximum current density reached in these runs was below 0.1 amp/cm 2 . Experiment shows that at such low temperatures and low current densities no measurable change of the cathode state took place. The curves for increasing and for decreasing retarding potentials coincided very well. The changes in temperature during each run at one particular temperature were always within 0.20C. Anode effect was found to be not present.
The experimental curves are shown in Fig. 4 ; an enlarged drawing with all the curves matched together, in Fig. 5 . It is seen that at retarding potentials above 0.2 volt, all the experimental curves coincide with the theoretical curve assuming no reflection. Therefore, at least for the high energy electrons, the energy distribution obeys Maxwell's law, and the electron temperature agrees with the cathode temperature. The departure of the experimental curves from the theoretical is seen to occur in a range of 0.3 volt. Even at the maximum current density of 0.1 amp/cm, space charge distortion of the curves should not be detectable. The anode was found to be free from contaminations, so that the condition of uniform anode surface potential is approximately satisfied. Although the temperature of the cathode was not uniform along its whole length, it is believed that the temperature variation over the cathode under the collector was not more experimental curves for the temperature range of 442 0 K to 535 0 K are also seen to be very close. The calculated curve fits the experimental curves quite well, and the use of a more elaborate model with a slightly larger range of work-function variation would enable us to make a perfect match. It will be seen in the analysis of our accelerating field measurements that this value of work-function variation agrees with the value we found there.*
C. The Reflection Effect
As mentioned in the introduction, according to Nottingham's measurements on tungsten and thoriated tungsten filaments, a reflection coefficient as given by Eq.(2) with k/w = 4.5 x 10 -4 deg -1 , should occur at both the cathode and the anode. Electrons that are reflected from the anode should go back to the cathode if the field is strictly radial. Since Nottingham used a filament wire of about 0.08 mm in diameter, a slight departure of the electrodes from being strictly coaxial would cause the electrons that are reflected from the anode to miss the cathode and go back to the anode again. Thus the anode current would not be affected appreciably by the reflection effect at the anode. However, with our tube, the cathode was 2 mm in diameter so that the electrons that are reflected from the anode had very good chance of landing on the cathode as they should in the ideal case. This reflection effect at the anode would reduce the anode current more at high retarding fields than at near zero field. Measurements yield information on the reflection effect only as the reflection near zero field differs relative to that at high retarding fields. Therefore the apparent reflection effect is greatly reduced when the reflection at the anode is included. The current expression for a uniform cathode when reflection effect is present is: *It should be emphasized that by the work function of the patches we mean the potential barriers, in the presence of the field due to the neighboring patches, which an electron climbs over in traveling along the normal to the patch area. In our later use of Becker's hill-and-valley checkerboard approximation for accelerating field studies, the work functions of the patches are those defined by Becker, i.e. they are the values when each patch is considered as an infinite plane with no neighboring patches.
where Px and py are the normal and tangential components of the momentum of the electron at the cathode surface (the length of the cathode is along the z-axis), and e is as defined in Eq.(l). R is the reflection coefficient, and is given by Eq. (2) when reflection at the cathode alone is considered.
When multiple reflections at both electrodes are considered, it is as follows: 3.21 3.22 This variation of the effective zero field is quite large and could be due to the changes in work functions of the patches and to the effect of the patch field distortion on the electron trajectories which we have neglected 
IV. Accelerating Field Studies
A. Measurements
Emission currents were measured with accelerating potentials up to 7 kv and at temperatures below 500 0 K. The maximum electric field, calculated from the geometry of the electrodes, was 50,000 volts/cm at the cathode surface. The drop in potential across the coating was negligible according to Mahlman's measurements on the conductivity of oxide coating prepared in the same way as in this experiment. The emission current was always below 1 amp and therefore there was no heating up of the cathode when high voltage was applied between the electrodes. The current was steady on the application of high accelerating potentials, and the current at low field did not change before and after a run was made. The results for the same cathode used in the retarding field studies are shown in Fig. 8 . Measurements on two more cathodes show similar current voltage characteristics. Results on one of them are shown in Fig. 9 . The curves are seen to decrease in slope as the voltage is increased and remain almost linear for a range of moderate voltages and increase rather fast in slope as 3 kv is exceeded. The minimum slopes near the linear part of the curves in Fig. 8 are about 2.6 times the theoretical Schottky line if one takes the field at the cathode surface to be that calculated according to the dimension of the electrodes. The slopes for the curves at the two temperatures are about the same. According to 10rVI/T Fig. 9 Accelerating field plots for another oxide cathode; note similarity to plots in Fig. 8 .
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patch theory, we would expect a deviation of the experimental curve from the Schottky line at low voltages and that deviation should go to zero at high voltages. There are two difficulties if we were to rely on the patch theory alone to explain our results: first, the rapidly rising parts of the curves at high voltages cannot be explained; and second, since the curves did not approach the theoretical Schottky line even at 5 kv, the average linear dimensions of the patches would have to be smaller than 10 -6 cm. It is conceivable that there could be patches of that size or smaller, but owing to their small areas, their contribution to the emission current would not be important unless their work functions are greatly reduced by a very strong accelerating field. This point will be discussed.
B. The Effect of the Roughness of the Cathode Surface
Owing to the difficulties with patch theory alone, it is desirable to look into the other possible reasons for this deviation. It is easy to see that the roughness of the cathode surface has an important effect on the actual fields at the different parts of the cathode. With the oxide cathode built up of crystals of sizes of from one micron to a few tens of microns, piled up on one another, the field variation along the cathode would be very large. And it is likely to have a considerable fraction of the cathode surface with fields ten times or more higher than the average field. At low voltages, this effect will not be important. The lowering of the potential barriers at low accelerating potentials will be small even for the sharp points where the fields are many times higher than the average field. The change in the logarithm of the emission from a small area of the cathode is proportional to the lowering of the potential barrier there. When the latter is small, the change in the emission current itself is also nearly -13- 
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It is suggested that further accelerating field measurements be done with single crystals or with cataphoretically deposited cathodes whose surfaces are far more smooth than the ordinary cathodes with sprayed-on coatings.
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